The conditionally-lethal pso4-1 mutant allele of the spliceosomal-associated PRP19 gene allowed us to study this gene's in¯uence on pre-mRNA processing, DNA repair and sporulation. Phenotypes related to intron-containing genes were correlated to temperature. Splicing reporter systems and RT±PCR showed splicing ef®ciency in pso4-1 to be inversely correlated to growth temperature. A single amino acid substitution, replacing leucine with serine, was identi®ed within the N-terminal region of the pso4-1 allele and was shown to affect the interacting properties of Pso4-1p. Amongst 24 interacting clones isolated in a two-hybrid screening, seven could be identi®ed as parts of the RAD2, RLF2 and DBR1 genes. RAD2 encodes an endonuclease indispensable for nucleotide excision repair (NER), RLF2 encodes the major subunit of the chromatin assembly factor I, whose deletion results in sensitivity to UVC radiation, while DBR1 encodes the lariat RNA splicing debranching enzyme, which degrades intron lariat structures during splicing. Characterization of mutagen-sensitive phenotypes of rad2D, rlf2D and pso4-1 single and double mutant strains showed enhanced sensitivity for the rad2D pso4-1 and rlf2D pso4-1 double mutants, suggesting a functional interference of these proteins in DNA repair processes in Saccharomyces cerevisiae.
INTRODUCTION
The radiation-sensitive pso4-1 mutant of Saccharomyces cerevisiae, originally isolated as xs9 (1), shows a pleiotropic phenotype, including sensitivity to DNA cross-linking agents, nearly blocked sporulation, reduced mutability, and is a thermoconditional mutant with no viability at 36°C (2, 3) . Thus, pso4-1 is phenotypically similar to the recA mutant of Escherichia coli, as it combines mutagen and radiation sensitivity with a block in recombination and in induced mutagenesis (2, 3) . Heterologous expression with a multi-copy vector containing the E.coli recA gene restored the induced mutagenesis in the pso4-1 genetic background (4) . The combination of the de®ciency phenotypes in recombination and error-prone repair made PSO4 a very interesting candidate for further understanding of the interconnection between these DNA repair processes.
Cloning of the PSO4 gene by complementation of the pso4-1 mutant's lack of UV-induced mutability and inability to sporulate revealed its allelism to the known yeast gene PRP19 (5) . PRP19 encodes an essential splicing factor associated with a protein complex that is required for the ®rst cleavage±ligation step in the splicing reaction (6±9). Up to now, excluding Prp19p, seven components of the Prp19p-associated complex [Ppr19-AC] are known: Cef1p (also known as Ntc85p), Ntc90p (also known as Syf1p) and Ntc77p (also known as Clf1p or Syf3p) are all encoded by essential genes and were identi®ed by direct sequencing of puri®ed components of the complex (10, 11) . The other four components, Snt309p (also named Ntc25p), Ntc20p, Ntc30p (also named Isy1p) and Ntc31p are all encoded by nonessential genes without any functional motifs in their protein sequences (10±14). Together, they form the Prp19-AC that associates with the spliceosome as a functional integral complex (11) . Not bound tightly to small nuclear RNAs, Prp19p is, by de®nition, not an intrinsic component of the spliceosome, suggesting that its transient association (with the spliceosome) possibly mediates conformational rearrangements or stabilizes the structure of the spliceosome during U4-snRNA dissociation (11, 14) .
The recent characterization of the yeast PSO4/PRP19 human ortholog hNMP200 gene revealed a high evolutionary conservation of this new protein among metazoans, plants and parasites (15) . Its extensive homology (up to 80%) and its abundance as a component of the nuclear matrix suggest that *To whom correspondence should be addressed. Tel: +55 51 3316 6069; Fax: +55 51 3316 6084; Email: pegas@dna.cbiot.ufrgs.br hNMP200 may have two functions: one as a structural protein of the nuclear scaffold and a second as a support for spliceosome binding and activity (15) . However, databases lack metazoan or plant cell counterparts of other known members of the Prp19-AC and thus the existence of a similar complex in higher eukaryotes is not proven (11) . The conditionally-lethal pso4-1 mutant allele of PRP19 (5), the presence of the human ortholog hNMP200 (15) and the recent progress made in characterization of the Prp19-AC (9±14) allow us to study this gene's pleiotropic in¯uence on metabolic processes in yeast (as diverse as pre-mRNA processing, DNA repair and sporulation) and hence, to better de®ne the cellular functions of the PSO4/PRP19-encoded protein.
In this study, we addressed two questions: ®rst, can the pleiotropic phenotype of the pso4-1 mutant be explained solely by impairment of the PRP19-AC? And second, does Prp19p/Pso4p, as suggested by the role of its human ortholog, interact with proteins other than the spliceosomal factors? The in¯uence of the Prp19p/Pso4p on splicing could be measured by exploiting the temperature in¯uence in the conditionally-lethal pso4-1 mutant. Possible binding partners different from the spliceosomal factors were collected via a two-hybrid screening (16) using the full-length LexA-PSO4/ PRP19 DNA-binding domain fusion gene as bait and a genomic S.cerevisiae library. Amongst the potential interactors, we isolated a collection of different fusion proteins that could be grouped into four functional classes: cell cycle, chromatin structure and chromosome dynamics, DNA repair, and mRNA splicing.
MATERIALS AND METHODS

Yeast strains
The yeast strains used in this study are listed in Table 1 . The pso4-1 strain MB1620-5A was mated with the strain L5 (cup1D::ura3) (17), Y00787 (rad14::kanMX4) (EURO-SCARF, Frankfurt), Y05437 (rlf2::kanMX4) (EUROSCARF, Frankfurt) and SX46ARAD2°(rad2::TRP1) (courtesy of E. C. Friedberg, University of Texas, Dallas). Phenotypes of the haploid ascospores were determined by establishing the respective deletion markers: geneticin resistance (rad14:: kanMX4; rlf2::kanMX4), sensitivity to temperature (37°C-pso4-1), tryptophan prototrophy (rad2::TRP1) and sensitivity to copper (cup1D::ura3) as described previously (18) .
Genetic and molecular biological methods
Techniques in yeast genetics were according to Rose et al. (19) and standard molecular techniques were performed according to Sambrook et al. (20) and Ausubel et al. (21) .
Escherichia coli strains and plasmids
Escherichia coli strains XL1-blue (Stratagene), KC8 (22) and TOP10 (Invitrogen) were used as recipients for cloning procedures. The following vectors were used: pLexAPRP19 (contains the PSO4/PRP19-coding ORF fused to the LexA DNA-binding domain of pEG202); ActSNT309 (contains the SNT309-coding ORF fused to the GAL4-activation domain of pACT2) and ActPRP19 (contains the PSO4/PRP19-coding ORF fused to the GAL4-activation domain of pACT2) were a gift from Soo-Chen Cheng (Institute of Molecular Biology, Treatments with NaCl, calco¯uor white, benomyl and caffeine Stationary cultures were serially diluted in 1:10 steps and 5±10 ml aliquots were then spotted onto YEPD medium containing NaCl (900 mM), benomyl (40 mg/ml), caffeine (0.5 mg/ml) and calco¯uor white (30 mg/ml), prepared as described previously (23±25).
Mutagen treatments and forward mutation analysis
UVC. Different concentrations of cells in the exponential phase of growth (~10 7 cells/ml) were spread immediately in triplicate on YEPD plates and, after drying, irradiated with UVC (Stratalinker, Stratagene) with doses ranging from 0 to 60 J/m 2 . For drop tests, stationary cultures were serially diluted in 1:10 steps and 5±10 ml aliquots were then spotted onto YEPD medium. After drying, the plates were UVC-irradiated as described above.
8-MOP + UVA. Suspensions of 5 Q 10 6 cells/ml in exponential phase were treated with photoactivated 8-methoxypsoralen (Sigma), 8-MOP + UVA according to Henriques and Moustacchi (26) . After all treatments, the plates were incubated for 3±5 days at the appropriate temperature in the dark. Survival data represent the average of at least three experiments.
Forward mutation analysis. Drops (20 ml) of cell suspension (2 Q 10 8 /ml) were spotted on SynCo + Can media and, after drying, UVC-irradiated at doses ranging from 0 to 60 J/m 2 . Incubation was for 5 days at temperatures of 23, 28 and 33°C. Survival was determined by plating appropriate dilutions on SynCo media. UVC irradiation and growth procedures were as described above.
Two-hybrid analysis
Two-hybrid analysis was carried out essentially as described by Gyuris et al. (22) . Yeast strain EGY48, containing the reporter plasmid pSH18-34 and the bait plasmid pLexA-PSO4, was transformed with a yeast genomic library cloned into the prey plasmid pJG4-5 (27) . Plasmids were isolated from yeast that survived selection for leucine prototrophy on galactose and showed lacZ expression on X-Gal-galactose plates. Escherichia coli strain K12 KC8 pyrF::Tn5, hsdR, leuB600, trpC9830, lacD74, strA, galK, hisB436 was used for the rescue of the plasmids as described by Gyuris et al. (22) . Plasmid DNA was sequenced with an Applied Biosystems (Foster City, CA) sequencer. All sequences obtained were submitted to a BLAST search at MIPS (Munich Information Center for Protein Sequences) (28) .
Construction of pLexAPso4-1
PCRs of genomic DNA using speci®c primers [PSO4N (5¢-GCCAAGAAAGCCAACTAGGG-3¢) and PSO4C (5¢-GAAAGTACAAACGTGTCAGCG-3¢)] and a high-®delity thermostable DNA polymerase (Pwo â , Roche Molecular Biochemicals) were used to amplify the sequence of the pso4-1 mutant allele. Standard molecular techniques were used to replace a 645 bp internal fragment (BanII to BstEII) within the PRP19 coding region of pLexAPRP19 with the fragment containing the L45S mutation, yielding pLexAPso4-1. The expression of the LexA fusion baits was analyzed by western blotting using a monoclonal antibody against LexA (Clontech Laboratories Inc.).
Sequencing of the pso4-1 mutant allele
PCRs of genomic DNA, using speci®c primers and a high®delity thermostable DNA polymerase (Pwo â from Roche Molecular Biochemicals), were performed to amplify the sequence of the mutant allele. The PCR product was cloned in the pZero-2 vector (Invitrogen) and ®ve individual clones were completely sequenced on both strands in an automated sequencer (Abi Prism A-377).
RT±PCR analysis
Total RNA was puri®ed from exponential phase cultures using the QIAGEN RNeasy kit. Equal amounts of total RNA (1 mg) were subjected to cDNA synthesis using the speci®c antisense primer for the S.cerevisiae ECM33 gene (5¢-TTATCT-ACATATAAAATTCAGTGATGAACC-3¢) and SUPER-SCRIPT II reverse trancriptase from Gibco-BRL. PCR was carried out with 10% of the ®rst strand cDNA synthesis reaction [with the sense primer (5¢-ATGCAATTCAA-GAACGCTTTGACTG-3¢) and antisense primer (5¢-TTA-TCTACATATAAAATTCAGTGATGAACC-3¢), with the sense primer beginning at the ATG start codon] which was carried out according to the manufacturer's protocol.
b-Galactosidase assay
Exponential phase cultures (~2 Q 10 7 cells/ml) were used to assay the activity of the ACT1-lacZ splicing reporter (pSB18) and from the pSH18±34 two-hybrid reporter plasmid. b-Galactosidase activity was assayed and quanti®ed according to Ausubel et al. (21) . Three to four individual transformants were assayed in liquid SC lacking the appropriate nutrients. When using the ACT1-CUP1 fusion construct, stationary cultures were serially diluted by 1:10 steps and 5±10 ml aliquots were spotted on SynCo media plates containing 10 mM CuSO 4 , prepared as described by Lesser and Guthrie (18) . In ACT1-lacZ and ACT1-CUP1 splicing reporters the lacZ and CUP1 coding ORFs are fused in frame with the initial part of the second exon of the ACT1 coding ORF, thus allowing b-galactosidase activity or CuSO 4 resistance if the pre-mRNA transcript is correctly processed.
RESULTS
Temperature-dependent splicing-related phenotypes
The allelism of PSO4 and PRP19 (5) suggested that an altered Pso4-1p would in¯uence more than one cellular function, since non-effective pre-mRNA splicing could in¯uence the expression of up to 238 intron-containing genes of S.cerevisiae (28) . Therefore, we tested the temperaturedependent expression of some selected phenotypes correlated to intron-containing genes in the pso4-1 mutant. Figure 1 shows that indeed all phenotypes were in¯uenced by changes of temperature and that there is signi®cantly higher resistance to caffeine and to calco¯uor white at the permissive temperature of 23°C. At 33°C the pso4-1 mutant is highly sensitive to all treatments. To test if the phenotypes were most likely a consequence of impaired pre-mRNA processing, the splicing reporter system ACT1-lacZ (pSB18 plasmid) and standard RT±PCR were used to assay for splicing ef®ciency at the same temperatures. Figure 2A shows a good correlation between the temperaturedependent sensitivity phenotypes and ACT1-lacZ activity, where the pso4-1 mutant still has nearly 70% of pre-mRNA processing ef®ciency at 23°C but only~10% at 33°C. Additionally, another splicing reporter system, the ACT1-CUP1 fusion construct, was used to con®rm splicing ef®-ciency in the same conditions. Expressed from the multi-copy plasmid pJU83, ACT1-CUP1 allowed regular growth of the pso4-1 mutant in the presence of 10 mM CuSO 4 at 23 and 30°C but not at 33°C, indicating low processing ef®ciency of the ACT1-CUP1 fusion reporter at the higher temperature (data not shown). Although untreated pso4-1 has a predicted splicing ef®ciency of only 10% at 33°C it survives reasonably well on YEPD at this temperature. Increasing the growth temperature to 34±35°C led to a lethal phenotype (data not shown).
The temperature-sensitive prp19 mutant accumulates unspliced precursor mRNA at non-permissive temperatures as described previously (6) . We could complement our results obtained with the ACT1-lacZ splicing reporter system by determining splicing ef®ciency of the transcript of the introncontaining ECM33 gene in pso4-1 using RT±PCR. ECM33 was chosen due to its nearly constitutive expression during the cell cycle, the hypersensitivity of a ecm33 mutant strain to calco¯uor white (25) and the reasonable size of its sole intron (329 bp), which allows easy distinction between processed and non-processed gene products. The differential ef®ciency of pre-mRNA processing relative to growth temperature is shown in Figure 2B . Con®rming our data obtained with the ACT1-lacZ reporter, the amount of processed mRNA is signi®cantly lower at 33°C as compared with ECM33 mRNA obtained from cells grown at 23°C. This supports the hypothesis of a thermoconditional splicing-related pleiotropic sensitivity phenotype for pso4-1. Similar in¯uence by temperature variation changes was observed for the UVCsensitivity phenotype of pso4-1 (described in detail below).
Is pso4-1-mediated UV sensitivity due to non-processed pre-mRNA of DNA repair genes?
RAD14 is the only intron-containing DNA repair gene indispensable for the recognition/incision step of the nucleotide excision repair (NER) pathway in yeast (29) . To exclude the possibility that most of the DNA repair-associated phenotypes of the pso4-1 mutant could result solely from faulty processing of RAD14-transcribed pre-mRNA, we tested rad14/pso4-1 double mutants for survival after UV irradiation at permissive and restrictive temperatures. Placing a rad14D mutant allele into a pso4-1 background yielded double mutants already with higher UVC sensitivity at 23°C than rad14D alone (synergistic interaction; Fig. 3, upper panel) . The pso4-1 single mutant strain showed a temperature- dependent UV sensitivity phenotype with nearly wild-type resistance at 23°C and increased sensitivity at 30 and 33°C, respectively (Fig. 3, lower panel) . This suggests a further indirect contribution of Pso4p/Prp19p in the repair of UVC damage, independent of RAD14 pre-mRNA processing. An overlapping effect of additional intron-containing genes involved in DNA repair (e.g. MMS2, RFA2 and KIN28), due to reduced splicing, cannot be excluded (see Discussion).
Thermoconditional survival, mutability and sporulation in pso4-1 mutants
The association of defects in DNA repair with impaired recombination, induced mutagenesis and sporulation (3) in pso4-1 mutant strains prompted us to investigate further the in¯uence of temperature on induced mutagenesis and sporulation ef®ciency. Table 2 summarizes the in¯uence of temperature on sporulation ef®ciency of homoallelic (pso4-1/ pso4-1) and heteroallelic (pso4-1/pso4::HIS3) diploid strains compared with the corresponding wild-type. Ef®ciency of sporulation decreases with increasing growth temperature, and no asci are detectable at 33°C in the mutant strains. A signi®cant further decrease in sporulation ef®ciency can be observed in the heteroallelic pso4 mutant where the presence of only one pso4-1 mutant allele leads to a dramatic decrease of sporulation already at 23°C. When examining the temperature in¯uence on induced mutagenesis in the canavanine forward mutagenesis assay, a similar response is found in the haploid pso4-1 mutant. Transformation of pso4-1 with a single copy plasmid containing the intact PRP19 gene can restore forward mutability and viability of the cells at 33°C to a signi®cant extent (Fig. 4) .
A single amino acid change in Pso4-1p leads to the thermoconditional phenotype and affects Pso4-1p self-interaction
With the aim to investigate why the pso4-1 mutation confers a pleiotropic phenotype, the complete sequence of the mutant allele was determined. The comparison of obtained sequences from ®ve different clones with the databank-deposited wildtype sequence revealed a single amino acid substitution in triplet 45 (T®C transition, changing TTA to TCA), replacing leucine with serine [L45S] and thus changing this amino acid position from apolar to polar. The Pso4-[L45S] mutation affects a highly conserved amino acid residue located within the 130 amino acids encompassing the N-terminal region similar in all PSO4/PRP19 homologs. This region has a minimal similarity of 50% amongst potential orthologs of PSO4/PRP19 in various organisms (Fig. 5) , a fact that suggests a high functional relevance of this protein domain.
Prp19p interacts with itself and is thought to exist in an oligomeric form in the PRP19-AC (9). Although not required for yeast growth, Snt309p interacts directly with Prp19p, playing an important role in modulating interactions of Prp19p with other associated components in stabilizing Prp19-AC (12, 13) . Therefore, the two hybrid assay (THA) was employed to evaluate the effect of the L45S mutation on the interaction of Pso4p with itself and with Snt309p. The LexAPso4-1 mutant bait was co-expressed with the activation domain fusion plasmids pACT2PRP19 and pACT2SNT309, expressing the Pso4p wild-type and Snt309p activation domain fusion proteins, respectively. Table 3 shows that Pso4-[L45S] considerably reduces the interaction of this altered Prp19p with itself but does not affect the interaction with the Prp19-AC-stabilizing protein Snt309p. This implies that the L45S mutation speci®cally affects the interaction of Pso4-1p with itself. Isolation of potential molecular partners of Pso4p/Prp19p using the two hybrid system A two hybrid screen (THS) was used to identify proteins that may interact physically with Pso4p/Prp19p. The in-frame fusion of the entire PSO4/PRP19 ORF to the LexA DNA binding domain (pLexA-PSO4) displayed no intrinsic transcriptional activation when transformed into strains containing reporter constructs regulated by LexA DNA-binding sites (data not shown). A population of 1.1 Q 10 6 independent transformants obtained after transformation with the prey library was pooled and aliquots were plated on selective medium containing galactose for induced expression of the activation domain fusion library. Some 224 clones were identi®ed that allowed growth on SD-LEU as a result of the activation of the LexAop::LEU2 reporter construct. These clones were colony-puri®ed, molecularly characterized by restriction mapping and re-tested for their ability to activate Gal-inducible transcription of two reporter constructs (LexAop:: LEU2 and pSH18±34; 22). Twenty-four transformants containing putative interactors, able to activate transcription of the two independent reporter constructs in the presence of LexA-PSO4/PRP19, were isolated. These same clones were unable to induce transcription when co-expressed with unrelated LexA DNA-binding domain fusions (pRFHM1; 22, LexAPSO5Ðyeast RAD16 allele and LexAHDF1Ðyeast Ku70 protein), indicating that the interaction with LexA-PSO4/PRP19 was speci®c. Further sequencing of the library plasmids revealed 13 different fusion protein products (Table 4) . Five of these putative Pso4p/Prp19p interacting proteins are encoded by ORFs with as yet unknown function (with one being essential). The remaining eight interacting proteins can be roughly grouped into four functional classes: (i) DNA repair (one ORF), (ii) meiosis and cell cycle regulation (four ORFs, with one being essential), (iii) premRNA splicing (one ORF) and (iv) chromatin structure and chromosome dynamics (two ORFs). Out of the 13 different fusion proteins, we focused our efforts on the study of Pso4p/Prp19p interaction with the three most relevant candidates, corresponding to the genes RAD2, RLF2 and DBR1. Encoding a protein homologous to the human xeroderma pigmentosum group G (XPG) and indispensable for the 3¢ recognition/incision step of the NER (30,31), Rad2p is a component of the nucleotide excision factor 3 (32) . RLF2 has been isolated as a gene required for normal distribution of the telomere-binding Rap1p protein within the nucleus (33) and is also involved in assembling of nucleosomes on newly replicated DNA, in DNA repair and telomere silencing (33±35). Deletion of RLF2 increases the UVC sensitivity of yeast mutants (36) blocked in any of the three known DNA repair groups (NER, RAD52-mediated recombinational DNA repair and RAD6-mediated postreplicative DNA repair) (37) . DBR1 was identi®ed and ®rst cloned in yeast using a genetic screen aimed at identifying cellular factors involved in Ty1 retro-transposition (38) . The dbr1 mutation in S.cerevisiae reduces the Ty1 transposition frequency about 10-fold and leads to a severe defect in intron degradation, i.e. high levels of excised introns accumulate as lariat structures lacking their 3¢ tail (38) . The C-terminal second half of the RAD2 gene-coding region was independently isolated ®ve times via THS whereas RLF2 and DBR1 were isolated only once. Table 5 shows the induced speci®c expression of lacZ reporter gene in the presence of the LexAPSO4/PRP19 bait and Rad2, Dbr1 and Rlf2 prey proteins. The interaction study of Rad2, Rlf2 and Dbr1 prey (10, 11, 14) .
proteins was further investigated by testing their ability to interact with the LexApso4-1 mutant bait (harboring the L45S mutation). Comparing the induced b-galactosidase activity obtained with wild-type and mutated LexA fusion baits of Prp19p/Pso4p, we show that the L45S single amino acid substitution drastically reduces the level of interaction of Pso4-1p with itself and with these three potential interactors.
Genetic interaction between PSO4, RAD2 and RLF2 after induced DNA damage
The pso4-1 mutant is sensitive to UVC and 8-MOP + UVA (2) . In order to study the nature of the interactions found between PSO4, RAD2 and RLF2 with respect to DNA repair, survival was determined in single and double mutants after UVC and 8-MOP + UVA. The effect of temperature on premRNA processing in pso4-1 strains was minimized by incubating at 25°C. Survival data in Figure 6 show that the combination of the two mutant alleles always increased the sensitivity to UVC (synergistic interaction) or to 8-MOP + UVA (additivity). Although the encoded proteins are needed for different cellular functions, their interference suggests an indirect or direct physiological interaction between them (via Prp19-AC, see Discussion) as both are needed for a complete wild-type-like DNA repair.
DISCUSSION
We aimed to test whether all repair-related phenotypes of the thermoconditional pso4-1 mutant, i.e. mutagen sensitivity, low induced mutability and impaired sporulation, can be explained solely by splicing defects, or if the PSO4/PRP19-encoded protein may also play a direct role in DNA repair. Thus, we ®rst established a high evidence of correlation between growth temperature and phenotypes related to introncontaining genes and to the respective processing of the encoded pre-mRNAs. By using splicing reporter systems and RT±PCR we could con®rm that splicing ef®ciency in pso4-1 was inversely correlated to growth temperature and that this mutant accumulates pre-mRNA at non-permissive temperatures, con®rming results obtained with a conditional prp19 mutant (6, 39) . The differential in¯uence of splicing ef®ciency on the phenotypes (Fig. 1 ) might be explained by the number of intron-containing genes contributing to its expression. Osmosensitivity can be associated with eight known introncontaining genes (28), three of which are essential [ARP2/ ACT2 (40), GLC7 (41) and ACT1 (42)], while benomyl resistance depends on four known intron-containing genes (28), one of them the essential TUB1 (43). Calco¯uor white sensitivity depends on three intron-containing genes, including the essential SPT14 (28), while caffeine sensitivity associates with two non-essential intron-containing genes (28) . Of over 6200 genes of the S.cerevisiae genome, 238 are thought to contain introns (28) . These genes encode proteins with functions in diverse physiological tasks and thus their lower or non-expression by sub-optimal splicing will result in a pleiotropic phenotype (28) . The high number of genes, and the existence of ORFs of yet unknown function, complicate analysis of the repair phenotype of the pso4-1 mutant. The intron-containing repair gene RAD14 (29) could be responsible for most of the thermoconditional UVC sensitivity phenotype of pso4-1 as reduced processing of its pre-mRNA at 33°C would lead to a failure of the DNA damage recognition/ incision step of the very effective NER pathway (37) . Comparison of single and double mutants of rad14D and pso4-1 alleles for their UVC sensitivity suggested an indirect contribution of Pso4p independently of RAD14 pre-mRNA processing. At least another three intron-containing genes, MMS2, KIN28 and RFA2, function in DNA repair (28, 44) . Thus, an overlapping synergistic effect due to reduced splicing of their pre-mRNAs in pso4-1 cannot be excluded. MMS2 is a member of the error-free postreplication repair pathway and encodes an ubiquitin-conjugating enzyme, whose deletion renders mutants only slightly UVC-sensitive (45) . Both KIN28 and RFA2 are essential genes and encode proteins associated with the NER pathway (46±48). Therefore, reduced splicing activity in a pso4-1 mutant and hence impaired functionality of these and other unknown repair genes could negatively affect the NER and postreplication repair pathways, resulting in the observed pleiotropic mutagen sensitivity. However, at Unknown function Starts at amino acid 10 HSL1 (2)
Cell cycle control, C156 and C111 C-terminal two-thirds of the protein YLR132c (2) Unknown function, essential, induced during meiosis Contains the whole ORF; starts at amino acid 2 DBR1/PRP26 (1)
Lariat RNA splicing debranching enzyme C-terminal third of the protein MDS3 (1) Meiosis; regulator of early meiotic genes, C16, C46 and C106 C-terminal quarter of the protein NUD1 (1)
Cell cycle regulatory protein, essential, C106 C-terminal two-thirds of the protein PLO1 (1) Unknown function, weak similarity to Nip80p, C152 (the same as RAD16 and RAD52) and C185
C-terminal half of the protein
Chromatin assembly complex, subunit p90 C-terminal two-thirds of the protein YAL028w (1) Interacts with EST1, a telomere elongation protein C-terminal; starts at amino acid 494 23°C, the pso4-1 single mutant strain shows a phenotype with nearly wild-type resistance when compared with the double mutant at the same temperature (Fig. 3 , lower panel), suggesting that Prp19p/Pso4p may contribute to DNA repair apart from its function in pre-mRNA processing. Interestingly, over-expressed RecA protein of E.coli can complement most of the UVC sensitivity of the pso4-1 mutant, a function that can be correlated with the recombination involvement of Rfa2p (4, 49, 50) . Since several intron-containing genes, e.g. MEI4, CIN2 and HOP2 and the recA-like DMC1, REC107/MER2 and REC114 are involved in speci®c steps in meiosis (51±59, respectively), sporulation should be a thermoconditional biological endpoint in pso4-1. Indeed, sporulation ef®ciency of homoallelic pso4-1 and heteroallelic pso4-1/pso4-1::HIS3 diploid strains was temperature-dependent (Table 2 ) and thus correlated to ef®ciency of pre-mRNA processing (Fig. 2) . The residual splicing activity contributed by the single pso4-1 mutant allele in the heteroallelic diploid led to a signi®cantly lower sporulation already at permissive temperature, thus indicating co-dominance of PSO4/PRP19 alleles in splicing activity in diploid yeast, as suggested previously for DNA repair (2, 5) .
UVC-induced mutagenesis in pso4-1 in the canavanine resistance forward mutational test was strictly temperaturedependent, and no mutation induction could be observed at 33°C (Fig. 4) . However, this temperature was also prohibitive for cell survival, so that non-viability and mutability are closely correlated on SynCo media, whereas YEPD still allowed for some survival at this condition (Figs 1, 3 and 6 ). Mutability could be restored in pso4-1 by transforming with a single-copy PRP19/PSO4-containing plasmid (Fig. 4) so that reintroducing a functional Ppr19p/Pso4p suf®ces for nearly normal mutability in a pso4-1 background. It should be noted that mutation induction is shown as mutants/treated cells; since the transformants had higher UVC sensitivity than wildtype, induced mutants/surviving cells would be considerably higher and similar to values obtained for pso4-1 at 23°C.
The similarities existing between Prp19p-related proteins of several species (Fig. 5) (60) suggest an important biological function since early evolution. Ranging from 50 to >90% similarity, the region of the ®rst 130 N-terminal amino acid residues is highly conserved, and the ®rst 140 amino acids are 100% identical in rat, mouse and humans (60) . Because of this conserved region, Prp19p has been proposed recently as a member of the U-box protein family (61) . Amongst the known homologs, Prp19p/Pso4p of S.cerevisiae represents the only thoroughly characterized protein. The N-terminal region of yeast Prp19p is responsible for interaction with itself (homooligomerization) and with other proteins of the Prp19-AC (9). The L45S single amino acid substitution of Pso4-1p is located within this region, and this amino acid is conserved in all but one (Schizosaccharomyces pombe) of the Prp19p-related proteins (Fig. 5) . A computer-based analysis (62) showed a 20% reduced predicted probability of a coil or turn in the secondary structure in the N-terminal domain of the altered Pso4-1p. Indeed the THA con®rmed that the Pso4-[L45S] mutation strongly reduces the interaction of Pso4-1p with itself but not with the Prp19-AC stabilizing protein Snt309p (Table 3) . According to Tarn et al. (9) homo-oligomerization of Prp19p is a pre-requisite for Prp19-AC assembly. It is now believed that formation of the Prp19p-AC involves sequential interactions of its members (11, 14) . First, the stabilizing protein Snt309p binds to the Prp19p homotetramer, followed by binding of Cef1p; then Ntc30p, Ntc20p, Ntc31p, Ntc77p and Ntc90p interact with each other, building a sub-complex, which binds to Cef1p to form the functional Prp19-AC. By affecting the interaction of Prp19p with itself, the L45S mutation, therefore, con®rms the importance of the ®rst 130 N-terminal amino acid residues of Prp19p for homooligomerization. Failing in this process it may also indirectly lower the interaction of the complex with other nuclear proteins, thus leading to the observed pleiotropic phenotype of the pso4-1 mutant. Given its thermoconditional expressivity, one could assume that, at lower temperatures, Pso4-1p might still function in a near-wild-type fashion, while higher temperatures would prevent correct assembly of the Prp19-AC. This hypothesis is supported by the fact that overexpression of the pso4-1 coding ORF from an ADH1-directed expression vector was able to complement growth at restrictive temperatures in a pso4-1 mutant, an expected result for a temperature-sensitive protein (35±37°C, data not shown).
Using THS we could isolate a set of putative binding partners of Prp19p (Table 4) , among them the structurespeci®c DNA endonuclease Rad2p (30,31), the major subunit (p90) of the yCAF-1, Rlf2p (34) and the lariat-debranching enzyme, Dbr1p (38) , but none of the already characterized Prp19-AC components (11) . Perhaps our prey library is not representative, or assembly of Prp19-AC relies on indirect interactions, where some of the yeast cell Prp19-AC components would serve as interacting bridges, as these native proteins could bind the bait fusion construct. This last explanation is consistent with the observation that the LexAPRP19/PSO4 bait was able to complement the phenotypes of DNA repair and temperature sensitivity of the pso4-1 mutant strain (data not shown).
Primarily, the putative Prp19p interactors were evaluated for their ability to bind to the Pso4-1p, where the L45S mutation substantially reduced the activity of the lacZ reporter gene. In the same manner, as discussed above, the L45S mutation may interfere with the direct or indirect interaction (via Prp19-AC components) between Pso4-1p and its putative binding partners.
Because rad2D and rlf2D mutant strains both display a DNA repair-de®ciency phenotype, for example, are sensitive to UVC and to 8-MOP + UVA (31, 36, 63) (Fig. 6) , we checked whether they belonged to the same epistasis group of repair as PSO4. The double mutants rad2D/pso4-1 and rlf2D/pso4-1 showed increased sensitivity over the single mutant strains, for both UVC and 8-MOP + UVA (Fig. 6 ). According to analysis of survival (64) the mutant alleles interacted synergistically for UVC sensitivity (formally indicating competition for the substrate in DNA repair) and showed additivity for 8-MOP + UVA (indicating non-overlap in removal of DNA damage controlled by the two proteins).
Our results are consistent with the proposed function for Prp19p as a spliceosome-associated protein in pre-mRNA processing (11) . Regarding DNA repair, impaired processing of pre-mRNA of intron-containing genes, especially those involved in recombination (e.g. MEI4 and the recA-like MER2/REC107, REC114 and DMC1), repair (e.g. MMS2, RFA2, RAD14 and KIN28), cell cycle/chromosomal structure/ segregation (e.g. UBC9, GLC7, HOP2, CIN2, MOB1) (28, 44) could lead to the observed phenotypes. As the NER pathway is responsible for most of the UVC-induced repair, impairing its function by blocking expression of genes RFA2, RAD14 and KIN28 would lead to the observed UVC sensitivity.
The recent characterization of the human hNMP200 ortholog of Pso4p/Prp19p as a component of the nuclear matrix (15) allows us, however, to discuss an additional function for Prp19p. There is mounting evidence that the nuclear matrix is involved in a variety of nuclear processes and in genome maintenance, e.g. DNA replication, DNA repair, transcription and RNA processing (65±76). Like hNMP200, Prp19p could thus be a yeast nuclear matrix protein and, as a member of the nuclear non-chromatin scaffold, it might provide structural support for the RNA processing machinery and for protein complexes engaged in DNA replication, transcription and repair. Thus, the isolation (via THS) of Rad2p, Rlf2p and Dbr1p interacting with Prp19p would be meaningful (see model in Fig. 7 ). By adopting a biochemical procedure originally developed to identify proteins associated with the nuclear matrix, Park et al. this nuclear fraction. As part of yCAF-1 major complex, R¯2p ful®ls its dual role in replication-and repair-coupled chromatin assembly (78, 79) and its malfunction renders r¯2 mutants UVC and 8-MOP + UVA sensitive (Fig. 6) . Finally, our isolation of DBR1 is fully consistent with the functional localization of its encoded protein, a lariat debranching enzyme (38) at splicing sites. Its localization at splicing sites via interaction with Prp19pAC would agree with the proposed dynamics of splicing reactions (11) . In view of this, and the results obtained with the pso4-1 mutant, a possible role of Prp19p/Pso4p as a member of the nuclear scaffold cannot be excluded.
